Deformation behavior of multi-layered ceramic capacitors (MLCCs) during production press process is very important to reduce over all MLCC size and increase the capacity of the MLCC through the enlargement of the electrode area. In this study, compression tests of MLCC blocks, which were composed of stacked ceramic dielectric sheets and printed internal electrodes, were carried out, and the deformation process was clarified based on the results of cross-sectional observation. Deformation of MLCC block was modeled and predicted using the area fraction of dielectric sheets, internal electrodes, and internal space. The prediction agreed well with the experimental results and helps the optimization of MLCC design.
Introduction
With the recent trend of down-sizing and more efficient use of electric power in electric appliances, there is a growing need of smaller electronic components, such as multi-layered ceramic capacitors (MLCCs). The number "1005" indicates an MLCC chip size of 1.0 mm × 0.5 mm, for which the component sales ratio is the highest at present. In the near future, market demand for the "0603" (chip size: 0.6 mm × 0.3 mm) and "0402" (chip size: 0.4 mm×0.2 mm) are estimated to increase (1) ; thus, it is necessary to continue to improve down-sizing techniques and capacity. An MLCC is comprised of tens to hundreds of dielectric layers of stacked ceramic sheets, made of a mixture of ceramic slurry and polymeric binder, together with layers of printed internal electrodes. The internal electrodes are connected alternately with external electrodes at either end of the chip. Empty spaces adjacent to the layered internal electrodes are known as "gaps", and are referred to as "Side-Gap L" and "Side-Gap W" herein. Figure  1 shows the location of these gaps. Side-Gap L is the gap between the end of the internal electrode and the external electrode. Side-Gap W is the gap between the unexposed side edge of the internal electrode and the side edge of the chip. Side-Gap W serves as an external insulator.
The capacitance of an MLCC is expressed by the following equation (2) , ( 1), to increase the capacity of an MLCC, it is necessary to make the dielectric layer thinner, increase the dielectric constant of the dielectric materials, increase the number of layers, or increase the area of internal electrodes. Various studies have been done on the material development of elements of thin dielectric substance, production process improvement, and increasing the dielectric constant of dielectric materials (4)- (7) . To increase the area of internal electrodes per dielectric layer, the reduction of Side-Gap L and Side-Gap W is necessary. However, it is difficult to realize it in actual production process for the reasons described afterward.
Fig. 1 Layered structure of MLCC.
One established production process of MLCCs is as follows: Ceramic materials, various additives, and polymer binders are mixed, followed by casting into dielectric sheets of some microns in thickness, and then printing internal electrodes on the sheets. A number of the printed sheets are then stacked, and press formed into a MLCC block, which is cut into multiple small chips, after which the firing is done. In the course of this production process, non-uniform deformation occurs in the transverse direction of the block due to compression in the pressing process, degrading the precision of the arrays of internal electrodes. In the subsequent cutting process, the MLCC block is cut lengthwise and crosswise parallel to the edges, producing multiple small chips. When the Side-Gap L and Side-Gap W are insufficient in the periphery of the MLCC block, exposure of the internal electrodes sometimes occurs in the gaps, as shown in the last figure in Fig. 2 . To offset this problem, sufficiently large Side-Gaps L and W need to be designed; however, this would prevent the adequate enlargement of the electrodes. Detailed investigation on the deformation of MLCC block is necessary.
Kojima et al (8) reported the warm isostatic press (WIP) which is available to MLCC blocks. The fundamental structure of WIP system was shown and the feature of WIP process was compared with uniaxial mold press. But, as for the deformation of blocks, only the macroscopic shrinkage was measured with increasing the pressure, and the microscopic deformation inside the block was not mentioned. As far as the authors know, no paper investigated the detailed deformation process of MLCC blocks separating the internal electrodes and sheets.
In the present study, we focus on the interlayer space reduction in Side-Gaps L and W during compression tests and the microscopic deformation was formulated based on the observation results. Figure 3 shows an experimental apparatus for compression test. Up and down movements of the metal mold stage generate and control compressive stress on the MLCC block. The displacement in the pressing direction was measured using a contact displacement sensor (EX-110V, KEYENCE Corp.) attached to the two sides of the metal mold, and compressive stress applied on the block was measured using a force sensor (9363, KISTLER Corp.).
Vertical displacement

Materials and methods
Equipment and metal mold
The configuration of the metal mold is shown in Fig. 4 . The metal mold was made of SUS pre-harden metal (revised version of SUS420J2) often used for a metallic mold for plastic molding. Two cartridge heaters were placed at the bottom of the MLCC block. Temperature was measured by a thermocouple (Model K chromel-alumel thermocouple) placed at the bottom center of the block. Zirconia was used as an insulated material for the punch in both the top of the block and the bottom plate of the metal mold. In order to observe the deformation of block during the press test, the equipment was designed to allow visual observation of the block through quartz glass from the front of the metal mold. Figure 5 shows a schematic configuration of an MLCC block. After press fitting and cutting along the dotted lines shown in Fig. 5 , each piece becomes a chip-form. In the present study, to evaluate the area change on L and W cross sections, and the transverse displacement in L and W directions, the block was cut prior to compression test to expose the electrodes on each cross section and allow observation during the test.
Compression test of MLCC block
Conditions for the compression test are listed in Table 1 . The maximum compressive stress applied (calculated by dividing the compressive force by the top surface area of the block) was 100 MPa, and the temperature during compression was set at 353 K. The block consisted of 350 stacked ceramic sheets with printed internal electrodes, similar to commercially available blocks. The compression test was conducted under two conditions: (1) PET films (t = 250 μm) were inserted on both the top and bottom of the block to make the metal mold similar to a rigid body (herein called "rigid body press"); and, (2) rubber (t = 100 μm) was inserted on the top of the block, with a PET film (t = 250 μm) inserted on the bottom (herein called "rubber press"). Presently most of blocks are manufactured by rubber press, since it is considered that the rubber helps to disperse uneven pressure and realizes the uniform stress state between the internal electrode parts and the Side-Gaps. On the other hand, the uniform pressure causes the non-uniform deformation between internal electrode parts and the Side-Gaps because of their different deformation resistances and it may contribute to making defective products. On the contrary, the rigid body press is thought to give a uniform compressive displacement to the block which is an opposite condition to the rubber press. In this paper, compression tests were carried out under these two conditions to investigate the effect of press condition on the block deformation. Figure 6 shows the configuration of the cross sections before the compression test. Interlayer spaces exist in alternating layers for Side-Gap L, and in every layer for Side-Gap W, according to the applied thickness of the internal electrodes. In the present study, evaluation areas were set for Side-Gap L and Side-Gap W, and the observation was done during the compression test in real time and recorded by video. The area fractions in these regions, f GL and f GW , were obtained from the recorded images after the test.
The distances between points D L -E L and D W -E W , which express the thickness of internal electrode part (i.e., internal electrodes and in-between ceramic sheets) on L and W cross sections, were used to calculate the normal compressive strain ε. Figs. 7 (a) and (b) , respectively. Under both conditions, the area fraction of evaluation area for the Side-Gap L, f GL , decreased with the increase of compression until compressive strain reached 2~3%, and it decreased more gradually after that. The saturation occurred at the area fraction of approximately 85%. In contrast, the area fraction of evaluation area for Side-Gap W, f GW , decreased until compressive strain reached 7~8%, and saturation occurred at the area fraction of approximately 78%. These findings suggest that there is no difference in the deformation behavior in both Side-Gaps between the rigid body press and rubber press. 
Widths of internal electrode and Side-Gaps
The fraction of internal electrode width on L cross section, d EL , and that on W cross section, d EW , in the compression test are shown in Fig. 8 . The fraction, d EL , increased with the increase of compression until compressive strain reached approximately 2%, at which saturation occurred, and it started to increase again at 8%. The fraction of electrode width, d EW , increased linearly until compressive strain reached approximately 6~7%, at which saturation occurred, and it increased largely after 8%.
The fractions of Side-Gap width, d GL and d GW , in the compression test are shown in Fig. 9 
Deformation process of the MLCC block
The deformation process of the MLCC block is summarized based on the results of compression tests. In the MLCC block, the same pattern is repeated in the L and W directions, as shown in Fig. 12 (a) and in the magnified view of Fig. 12 (b) . Before compression, there are internal spaces in the areas of Side-Gap L and Side -Gap W, but no spaces in internal electrode parts existing between Side-Gaps.
The internal electrode part, which is composed of electrodes and ceramic sheets, expands isotropically to the transverse direction of the MLCC block in the 1 st stage of compression (to the compressive strain of 2~3%). During this stage, internal spaces existing in Side-Gap L and Side-Gap W are filled by the expansion of the internal electrode part in the transverse direction and by the compression of the Side-Gap part itself (Fig. 12 (c) ). As the interlayer space existing in Side-Gap L is smaller than that in Side-Gap W, the interlayer space in Side-Gap L is depleted before that in Side-Gap W.
At the 2 nd stage of compression up to compressive strain of 7~8%, all compressive strain is exerted against the interlayer space of Side-Gap W. The internal electrode part expands only in W direction (Fig. 12 (d) ). In both the 1 st and 2 nd stages of compression, almost all compressive strain is exerted in the filling of the interlayer spaces of Side-Gaps. Therefore, the positions of the internal electrode and Side-Gaps are unchanged by the compression. After the interlayer spaces in Side-Gap L and Side-Gap W are filled in, the internal electrode and Side-Gap parts start to move in the transverse directions to maintain constant volume, because the compressive strain cannot be displaced by the interlayer space (3 rd stage of compression). Therefore the rubber and PET film in contact with the MLCC block have a great influence only in the 3 rd stage.
Fig. 12
Modeled deformation process of MLCC block.
Modeling of deformation process
A model is proposed based on the deformation process described in the preceding section. The internal electrode part expands isotropically keeping a constant volume at the 1 st stage shown in Fig. 12 (c) . Now, the increase in the compressive strain, the change in the area fraction of Side-Gap L and that of Side-Gap W at the 1 st stage are respectively denoted by Δε 1 , Δf GL1 , and Δf GW1 , and expressed by Eqs. (2), (3) and (4):
Equations (3) and (4) 
The changes in the area fractions of Side-Gap L and Side-Gap W, f GL and f GW , and their increments, Δf GL2 and Δf GW2 , are expressed by the following equations: (a) Internal electrode width fraction (b) Side-Gap width fraction Fig. 13 Predicted results of fractions of internal electrode width and Side-Gap width. 
Conclusions
The following conclusions are obtained based on the changes of area fraction and transverse displacement in the Side-Gap areas during the compression test of the MLCC blocks: 1． The area fraction decreased with the increase of the compressive strain in both rigid body press and rubber press. The change in area fraction of Side-Gap L became more gradual after compressive strain of 2~3%, and reached saturation point at the area fraction of approximately 85%. However Side-Gap W decreased until compressive strain reached approximately 8%. The saturation occurred at the area fraction of approximately 78%. 2． The width of the internal electrode increased with the increase in compressive strain, and reached saturation at the compressive strain of approximately 2% in the Side-Gap L and at the compressive strain of 6~7% in the Side-Gap W. In addition, until the compressive strain reached approximately 8%, the shrinkage of the width of the Side-Gap part absorbed the increase in the width of the internal electrode part. Therefore the positions of the internal electrode and the Side-Gap were unchanged. After compressive strain exceeds approximately 8%, transverse displacement increased sharply because no internal space remains. 3． The deformation mechanism in the compression of the MLCC block was modeled based on the results of the compression test. The predicted results on the width of the internal electrode part, the width of the Side-Gap and area fraction of the Side-Gap were in accord with the experimental results.
